Abstract Polysaccharides and proteins are the main components of extracellular polymeric substances, which are considered to give a major contribution to the overall fouling potential of the MBR system. This work focuses on the automation of spectrophotometrical assays for protein and polysaccharide determination for on-line measurement in MBR. Sequential Injection Analysis (SIA) was identified as more suitable for continuous measurements. In screening tests the selection of an appropriate assay for the successful automation by means of SIA was carried out. Lowry Assay and Dubois Assay were chosen for protein and polysaccharide determination. Lowry Assay could be successfully automated by means of SIA. The automated method shows a lower sensitivity than the manual Lowry method, what can be contributed to specific characteristic of SIA. The confidence limit was calculated to 2.8 mg/L. The automated method shows in validation tests good correspondence with protein concentrations measured with the manual assay (R 2 ¼ 0.971). The successful establishment of the Dubois Assay for polysaccharides failed so far due to sensitivity problems.
Introduction and objectives
Membrane fouling is a significant cost factor in the operation and maintenance of membrane bioreactor systems (MBR). The extent and consequences of MBR fouling is influenced by several factors such as influent quality, membrane material, hydrodynamic conditions as well as character of biomass. In respect of the biomass characteristics, the extracellular polymeric substances (EPS) are considered to give a major contribution to the overall fouling potential of MBR systems (Le-Clech et al., 2006; Rosenberger et al., 2006) . Extracellular polymeric substances are a highly hydrated gel matrix, in which the cell biomass is embedded. They are mainly produced by bacteria, but it may also consist of lysis products or macromolecules adsorbed from the waste water. The composition of the EPS can vary in dependence of the involved microorganisms and of the environmental conditions; however the major components are polysaccharides and proteins.
Up to now the determination of the concentration of these substances is carried out by different analytical methods (Raunkjaer et al., 1994) . All of them rely on the photometric measurements, however they utilise different reagents and treatment steps therefore different reaction mechanisms related to the proteins and polysaccharides can be expected. The consequences are hardly comparable results of research studies.
The approach of the present work was to develop a continuous measurement method for proteins and polysaccharides in activated sludge of a membrane bioreactor system. The continuous on-line measurement would allow an on-line monitoring of foulant active substances and predicting the fouling potential of activated sludge in MBR and subsequently a better control of fouling relevant processes. Another important point is the contribution to the standardisation of the determination techniques for proteins and polysaccharides for better comparison of results in different studies.
The boundary conditions of a successful implementation and automation of this analytical approach are simplicity, reproducibility and robustness of the method. The automation of the photometric assays is in general realised by the help of Flow Injection Analysis techniques (FIA) (Ruzicka and Hansen, 1988) . Its advanced development, Sequential Injection Analysis (SIA), was identified as more suitable for continuous on-line measurements. The advantage of SIA is the relatively small consumption of chemical agents, which is of importance when dealing with hazardous and expensive chemicals. Another positive aspect is that the simultaneous measurement of the two parameters proteins and polysaccharides may be possible without changing of configuration. SIA has been already successfully applied to the determination of various analytes in food and bioprocess monitoring, pharmaceutical, industrial and process analysis using different methods of detection (e.g. spectrophotometry, tubidimetry, electrochemistry) (Lenehan et al., 2002) .
This work focused on the selection of an appropriate assay for the successful automation of methods for protein and polysaccharide determination. In the second part transfer of the identified method to automated assay with SIA technique is presented and a comparison related to the manual analysis is done.
Material and methods

Samples
For the method screening tests different standard solutions were used. The experiments for proteins determination were conducted with three standard solutions: albumin of bovine serum (BSA, Merck Germany), pepsin and lysozyme (Fluka Germany) solved in pure water (Millipore, France) in different concentrations up to 100 mg/L. For the polysaccharides determination four sugar standard solutions were used: D-Glucose-Monohydrate (Sigma, USA), sucrose, cellulose and xanthan gum (Fluka Germany) solved in pure water in different concentrations up to 100 mg/L.
Method development and optimization experiments for continuous measurements with SIA were carried out with BSA for proteins determination and with glucose for polysaccharides determination in the concentration range up to 100 mg/L. For the comparison of the manual and automated protein assay the concentration was measured in different samples of activated sludge and waste water, which were taken from an MBR pilot plant in Berlin. 50 mL of the sample were filtered by paper filter (Black ribbon 589/1 -125mm, Schleicher&Schuell, Germany), which was pre-rinsed with 200 mL of pure water. The protein concentrations are given as BSA equivalents and the polysaccharide concentration as glucose equivalents.
Sequential Injection Analysis (SIA)
The used SIA apparatus (Figure 1 ) was purchased from FIAlab Instruments, USA (Micro-SIA). It consists of a syringe pump (1 mL) driven by a stepper motor, a 10-port selector valve, the holding coil, the flow cell with 20 mm optical path (internal volume 8 mL), the tungsten-halogen lamp (LS1, OceanOptics, USA) and a spectrometer (USB2000, OceanOptics, USA). Fiber-optic cables are used to connect the flow cell to the light source and the spectrometer. Experimental data were collected by FIAlab for Windows (version 5.9.200).
SIA is based on the controlled dispersion of sample and reagents, which are introduced sequentially into the holding coil filled with a carrier by means of a multiposition valve. In combination with forward and reversed flow through the instrument the stacked sample and reagent zones penetrate each other and become inter-dispersed and are then transferred to the detector. The degree of the penetration, which is necessary for occurring of the reaction, is defined in terms of a dispersion coefficient. Mathematically it is represented by the absorption quotient of undiluted and diluted sample after transport through the SIA equipment (Ruzicka and Hansen, 1988) . The dispersion coefficient was determined for the used SIA system in experiments with a dye and it decreases from 20 to 3 with an increasing sample volume (5-30 ml). The response of the reaction is measured as difference between the absorption at a measurement and at a reference wavelength. A measurement at a reference wavelength is necessary for compensation of the lamp intensity variation.
Manual assays for protein and polysaccharide determination
In the method screening experiments two different assays for the protein determination were tested -the Lowry Assay (Lowry et al., 1951) modified according to Frolund et al. (1996) and the Bradford Assay (Bradford, 1974) . For the polysaccharide determination the Dubois Assay (Dubois et al., 1956 ) and the Anthron Assay (Dreywood, 1946) were applied. The substances are measured spectrophotometrically as sum-parameters. The measurements were performed with Spectometer Lambda 12 (Perkin Elmer, Germany) in the cuvette with the optical path of 10 mm. Two or three aliquots were analysed for each sample. Table 1 summarises the methods in details.
Description of automated assays
For the protein determination with SIA the reagents were prepared according to Salerno et al. (1985) . As carrier 0.3 mol/L Na 2 CO 3 was used. The absorption was measured at 730 nm and by a reference wavelength of 500 nm. Proteins were analysed in four aliquots. For the polysaccharides determination the reagents were prepared according to Dubois et al. (1956) . The carrier was 70% concentrated sulphuric acid. The absorption measurement was performed at 490 nm by a reference wavelength of 420 nm. To support the mixing process within SIA system the injected sample and the reagents was aspirated in small sequences and moved forwards and backwards several times in the holding coil. The measurement protocol was optimized in experiments with regard to the sequence, the volume of the sample and reagents, the number of reversed flows and the delay time. 
Results and discussion
Method screening tests
Experiments with standard solution. The method screening experiments were carried out to identify the boundary condition for different protein or polysaccharide determination assays with respect to their adaptation as automated measurement. For protein determination two assays were applied-the Lowry and Bradford Assay-and for the polysaccharide determination -the Dubois and Anthron Assay (see Material and Methods) . The experiments were conducted with different protein and sugar standard solutions in concentrations up to 100 mg/L. The results are shown in Figures 2 and 3 .
The tested proteins and polysaccharides react to different extent with the used reagents. The difference of the sensitivities of tested substances can be considerable in regard to one assay as well as when comparing two methods for protein or sugar determination. In the case of proteins the differences can be ascribed to the different reaction mechanisms of the applied assays, molecular structure of the tested proteins and functional groups, etc (Bradford, 1974; Raunkjaer et al., 1994) . The experiment with different sugars shows that the Anthron Assay is more sensitive for the tested substances than the Dubois Assay (except xanthan gum). (1:2) 1.5 ml sample þ 2.1 mL R1 (wait 10 min) þ 0.3 mL R2 (wait 45 min), Absorption measurement at 750 nm DUBOIS ASSAY R1: phenol-solution (5%) R2: 95 -97% H 2 SO 4 1 ml sample þ 1 mL R1 (wait 10 min) þ 5 mL R2 (wait 25 min), Absorption measurement at 490 nm ANTHRON ASSAY 1 ml sample þ 1 mL R1 (cook 15 min and cool 5 min) R1: 0.1% anthron-H 2 SO 4 solution Absorption measurement at 625 nm Because of the fact that the reaction mechanisms are similar, the elevated temperature applied during the Anthron Assay may cause the higher response. Furthermore it can be observed, that cellulose and xanthan gum, which have polysaccharide structure, caused a smaller reaction response than glucose (monosaccharide) and sucrose (disaccharide).
Kinetic experiments. The reaction rate of assay may play an important role, because the measurement of formed colour product is done by the SIA before the steady state of the reaction is reached. To examine the kinetics, the absorption was measured for 60 min directly after the reagents were added to the sample. Figure 4 shows the change of absorption values with respect to time in the sample containing 50 mg/L BSA for Bradford and Lowry Assays. The experiments show that the coloured products are formed immediately after the reagent addition. In the case of Bradford Assay at the beginning of the reaction 90% of maximal absorption is already reached. The coloured reaction products of Lowry Assay are formed slower. After reagent addition more than 50% of the maximal absorption (measured after 60 minutes) is achieved immediately. This ratio changes after 2 min to 73%. The reaction rate of Dubois Assay (polysaccharides determination) is also very fast. Directly after the reagent addition the absorption value makes 90% of maximal absorption measured at the end of the experiment. Such experiments could not be performed for Anthron Assay, because the required cooking step makes the measurement of formed coloured product impossible.
Choice of methods for their automation. The screening tests suggest that the most adequate protein method for the automation is the Lowry Assay. Although the Bradford Assay requires only one reagent and the reaction kinetic is quite fast, the big disadvantage of the method is that the coloured reagent tends to stick on glass walls and tubes, which will cause problems with regard to the reproducibility of the reaction and the measurement of absorption, especially within the tube system of SIA. The Dubois Assay was chosen as the most adequate polysaccharide assay for the automation. This assay is characterised by fast reaction kinetic and good sensitivity (Figure 3a) . In comparison, the Anthron Assay has the disadvantage that the used reagent is chemically not stable and it has to be prepared directly before the measurement (Raunkjaer et al., 1994) . Another difficulty is the treatment of the sample at elevated temperature. Although the heat treatment can be realised with FIA and SIA technique, it seemed to be complex and difficult for the automation. 
Protein measurement with automated Lowry Assay
Method sensitivity. Figure 5 shows the results of measurement of BSA standard solution with automated ( Figure 5a ) and manual method (Figure 5b ). Both curves can be fitted as linear function, although in the case of manual assay a second-order polynomial function would deliver a better fit. However, linear fitting was found more useful for the comparison of results. The slope of the curves presents the sensitivity of the applied methods. For automated assay the slope is 6.8 £ 10 24 , which is ten times smaller compared with manual method (slope ¼ 6.7 £ 10
23
). This discrepancy can be attributed to the different measurement principles. 1. The formed reaction products underlay dispersion phenomena during the transport through the SIA tubes. The dispersion coefficient is for the used SIA system between 6 and 8 for sample volume of 10 -15 ml. This means that the dilution of formed reaction products causes already sensitivity decrease of 86%, related to undispersed reaction products. 2. Absorption is measured by the SIA technique as difference between absorption at measurement wavelength (730 nm) and at reference wavelength (500mn). This results sensitivity decrease of 54% (determined in tests, not shown). 3. Absorption measurement of automated method is performed when the steady state of the reaction is still not reached (i.e. the coloured products are not completely formed). During the protein analysis with the SIA about two minutes remain between reagent addition and absorption measurement. With helps of the kinetic tests (see Figure 4 ) the sensitivity decrease can be estimated to 27%. The obtained factors of the sensitivity decrease were verified with absorption values obtained with the manual method for different BSA concentrations and compared with that of automated assay. Thereby it was taken into account, that the optical path of the cuvettes is two times longer in the SIA system. Relative contribution of the mentioned reasons to the sensitivity decrease can be calculated for point 1) to 52%, for 2) to 32% and 3) to 16%. These findings show, that the specific characteristic of SIA technique (dispersion and the reference measurement) leads in mainly part to the sensitivity decrease of the automated method.
The detection limit was calculated for both methods according to German DIN32645. The lowest concentration of analyte that can be detected was determined to 1 mg/L for manual and 10 mg/L for automated assay. This difference can also be ascribed to smaller method sensitivity; however the detection limit decreases when smaller protein concentration are used for the calibration.
Repeatability (short time).
To examine the precision of both methods, repeatability tests were carried out with two different concentrations of BSA (10 and 50 mg/L) and with Figure 5 Lowry Assay for measurement of bovine serum albumin (BSA) with (a) automated method (n ¼ 4) and (b) manual method (n ¼ 2) filtrate of activated sludge. The samples were measured with automated and manual method in ten replicates. Precision of one method can be expressed in terms of standard deviation SD, which describes the spread of data, or relative standard deviation RSD, which relates SD to the mean. The latter is useful when comparing the variation of obtained results in samples with different concentrations or in samples analysed by different methods. The results are presented in the Table 2. RSD of absorption values for measured samples was in the case of manual method smaller than 2.9% and of automated method smaller than 12.1%. The lower precision of the automated assay can be ascribed to the small absolute absorption values (low sensitivity). However, the absolute variation of measured absorptions (SD) is for both methods comparable and for automated method even smaller. The average of standard deviation of tested samples can be calculated to 3.0 £ 10 23 for automated assay and 5.8 £ 10 23 for manual assay, what corresponds to the protein concentration of 3.9 and 0.7 mg/L, respectively. The confidence limit, which describes the range within the true value, can be expected with a probability of 95% can be calculated to 2.8 mg/L for automated and 0.48 mg/L for manual assay.
Effect of the sample matrix on protein detection. The matrix of activated sludge, where the protein determination methods are applied to, is very complex; the samples contain not only the proteins but also a great spectrum of other substances. To verify if the matrix disturbs the measurement in terms of sensitivity decrease, an analytical method of internal calibration was used. A known amount of compound (here BSA), whose physical-chemical properties are ideally very similar to those of the analyte, was added in different concentrations (up to 100 mg/L) to the filtrate of activated sludge and the protein response with automated and manual assay was measured. The comparison of the slope between curves of BSA diluted in water (ideal condition) and BSA diluted in the sample gives information about the matrix effect on tested protein assays. The results are shown in the Figure 6 . The shift of the curves is caused by the response of proteins or interfering substances, which are already contained in the sample. The curve slope of BSA added to the sample is a little bit smaller for both methods, Figure 6 Lowry Assay for measurement of bovine serum albumin (BSA) diluted in water (solid line) and sample (dashed line) with (a) automated method and (b) manual method which means a slight sensitivity decrease of applied protein assays in the filtrate of activated sludge. By comparing the slopes a slightly underestimation of measured protein concentration can be expected when the method is calibrated with protein solved in water (for automated assay 12%; for manual assay 15%).
Validation of the automated method. To validate the automated assay the protein concentrations were measured in different samples (filtrate of activated sludge and of waste water) with manual and automated method. The results (Figure 7) show a good correlation between the protein concentrations analysed with both methods in the concentration range between 15-120 mg/L. The slope of the curve is 1.015 and the curve goes nearly through the origin of coordinates system. The automated assay detects in the higher concentration range more proteins in comparison to the manual method and measures lower response in the smaller protein concentration.
Polysaccharide measurement with automated Dubois Assay
Up to now the automation of the Dubois Assay by means of SIA could not be successfully implemented. The main problem is the high density of concentrated sulphuric acid (1.8 g/cm 3 ). It causes that the mixing of the reagents and the sample is not complete within the SIA equipment. The density trails, which occur also during the manual assay, cause refraction effects during the absorption measurement with SIA. Thereby a wide range of light between the wavelengths 550 and 850 nm (limit of the detector) is absorbed to a high amount, what can influence the measurement of polysaccharides at 490 nm.
Conclusions
The method screening tests for polysaccharide and protein determination were necessary to determine the boundary conditions (kinetics, treatment) of different assays for their automation. The automation of selected Lowry Assay for protein measurement by means of Sequential Injection Analysis could be successfully realised. The sensitivity was in comparison to the manual assay ten times smaller, which can be mainly attributed to the specific characteristic of SIA technique: the dispersion of the reaction products within the SIA and the reference absorption measurement leads already to sensitivity decrease of 84%. The repeatability tests show that the variability of measured samples in terms of standard deviation is smaller for automated assay; however smaller method sensitivity cause higher relative standard deviation. The confidence limit can be calculated to a value of 2.8 mg/L for automated assay. In regard to the matrix effects of activated sludge, the sensitivity of automated and manual assay is affected to a comparable degree; sensitivity decreases 12% and 15%, respectively. The validation tests show that the automated method measures the same protein content than the manual assay.
The automation of the Dubois Assay by means of SIA failed so far, which can be partly attributed to the specific properties of chemicals. Further work on polysaccharides determination is currently under progress, first tests with positive results were conducted.
